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Promoter-transactivator system for inducible high-level 
mammalian gene expression with the option of cell growth 

control 



Background of invention 

The genetic modification of mammalian cells to express recom- 
binant products is a key strategy in research and biotechno- 
logical applications, and mammalian cell cultures have become 
the preferred production system for secreted pharmaceutical 
proteins (Hauser, 1997; for complete bibliography of citations 
see reference list at the end of this specification) . 

Proliferation control: In the natural environment, cell growth 
is strictly regulated- Life of a mammal begins with fertili- 
zation of the oocyte that divides and proliferates until the 
animal reaches its mature size. In the adult, proliferation 
and cell death are balanced to keep the total cell mass essen- 
tially constant, while the synthesis and secretion of cellular 
products continues . 

In contrast to the natural situation, due to the requirement 
to obtain large numbers of cells needed in production proces- 
ses, mammalian producer cell lines have been selected for ra- 
pid and indefinite proliferation capacity. Cell lines used in 
industrial production processes are transformed and override 
natural growth control systems such as contact inhibition, an- 
chorage-dependent growth, naturally limited numbers of cell 
divisions, organ size control and others. Cell growth is a re- 
quirement for the genetic manipulation and cloning of cells 
and then to achieve a sufficient number of producer cells from 
a single cell initially. However, once a high cell density is 
reached in a production process, further cell proliferation is 
associated with disadvantages such as genetic instability, me- 
dium depletion, accumulation of toxic products, followed by 
cell death and cell lysis that leads clogging of cell reten- 
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tion and product purification devices, product contamination 
with cellular debris and product deterioration due to glycosi- 
dases and proteases (Fussenegger et al., 1999). 

Regulated cell growth could mimic the natural situation in 
technical applications, with rapid proliferation initially • 
until they reach an optimal cell density. Then reduced growth 
would extend the productive period and keep production condi- 
tions constant by lowering medium consumption and waste pro- 
duct accumulation. Since fewer resources are consumed for the 
synthesis of cell mass, production would be more efficient. 
The reduced cell division rate would also reduce genetic 
drift, and by that stabilize the productivity. Therefore, 
growth regulation could increase production, product quality 
and consistency. 

Genetic growth control systems have specific advantages. There 
is no need to change production conditions by the addition of 
toxic compounds, nutrient limitations or suboptimal temperatu- 
res that may affect productivity or product quality. The gene- 
tic systems are flexible and allow the stepwise improvement of 
the recombinant regulatory system, optimization of the produ- 
cer cell and the production conditions. An additional advan- 
tage is that the expression of recombinant genes can be in- 
duced during growth arrest by using dedicated promoters. Spe- 
cific requirements must be met by growth control systems con- 
cerning stability, productivity, cell viability, quality and 
consistency of the product and applicability to industrial 
fermenter systems. Presently under investigation are a system 
based on cell cycle inhibitory protein overexpression (Fussen- 
egger et al., 1998; Fussenegger et al . , 1997; Mazur et al . , 
1998) and a system using c-jun antisense RNA expression (Kim 
et al . , 1998) . 

Stabilization of gene expression: The isolation of stable 
clones is currently a major obstacle for recombinant gene 
expression in mammalian cells. To date, there is no reliable 
method that can be afforded by the average research labora- 
tory. In general, in addition to a gene of interest to be 




expressed, a marker gene is introduced that facilitates the 
isolation of producer cell clones. However, not all cells that 
express the marker gene do also express the gene of interest, 
and furthermore, the expression-level of the two genes do not 
necessarily correlate in individual cells, this is a consider- 
able problem especially for the selection of highest-level 
producer clones and for the selection of cell clones that for 
an extended time period are to express a protein of interest 
that has a negative effect on cell growth or viability. The 
correlation of expression-levels of two genes that are intro- 
duced simultaneously depends on the strategy used. The simp- 
lest procedure with least tight coupling is the cotransf ection 
method whereby the genes are encoded on different DNA mole- 
cules. Tighter coupling is achieved when different genes are 
coexpressed either from a bi-directional promoter or, prefer- 
ably, as a polycistronic RNA. Tight coupling of a gene of 
interest with a selection marker gene ensures stable expres- 
sion of both genes under selective conditions. This is espe- 
cially important when the gene of interest imposes a negative 
selection pressure on the expressing cell, such as prolifera- 
tion inhibitory genes. 

Recombinant gene expression: Often maximizing production is a 
costly and time-consuming procedure. A most critical factor 
for productivity is the recombinant gene promoter activity. 
For constitutive gene expression, a highly active recombinant 
promoters are available from a variety of sources. These pro- 
moters have been derived from cellular and viral genes, from 
homologous and heterologous systems or they may contain opti- 
mized sequences of non-natural origin. For many applications 
constitutive expression is neither necessary nor desirable. 
For example in a biotechnological production process, recom- 
binant gene expression in the initial phases of a fermented 
run may be a metabolic burden on the producer cells, leading 
to a negative selection pressure of the most productive cells 
and decrease the performance of the system, while at low cell 
densities the contribution to the overall production is ne- 
gligible. Furthermore, product synthesized early may differ in 
quality from the bulk product synthesized at high cell densi- 




ties. Glycoprotein quality depends on the environment of the 
cells- Since the media compositions, in particular ammonia and 
glucose concentration, change during the course of fermenta- 
tions, product glycan structures synthesized early and late in 
the process differ as well. In addition, secreted products are 
subject to degradation processes. A long exposure time to de- 
grading enzymes of product synthesized early lead to a lower 
quality and homogeneity of the product. Therefore, for some 
applications a system for regulated recombinant gene expres- 
sion is of advantage. With the exception of the production of 
highly cytotoxic products, a very high induction rate is not 
necessary to achieve a higher product quality homogeneity. 
Despite these advantages, the drawback of regulated gene ex- 
pression is the generally far less efficient expression com- 
pared to the best constitut ively active promoters, and a high 
maximal expression level is of primary interest. 

State of the art: 

Proliferation control : 

To regulate cell growth, IRF-1 (Interferon Regulatory Factor 
1) constructs were expressed in mammalian cells. IRF-1 is a 
transcriptional activator of genes which lead to growth in- 
hibition. To control recombinant IRF-1 activity in vivo, two 
systems were established: A tetracycline dependent IRF-1 
transcription system and a regulatable IRF-l-hER (estrogen re- 
ceptor fusion protein; Koster et al., 1995; Kirchhoff et al., 
1996) . The addition of 15-estradiol or other estrogen receptor 
ligands to the growth medium activates IRF-l-hER, leading to 
transcriptional activation from promoters containing IRF-1 - 
binding sites. The expression level depends on the fi-estradiol 
concentration in the medium and on the duration of the expo- 
sure to the hormone (Kirchhoff et al., 1996; Koster et al . , 
1995) . Constitutive expression of IRF-l-hER fusion protein has 
no effect on cell growth in the absence of the ligand estra- 
diol, and no effect of estradiol on BHK cell growth has been 
observed in the absence of IRF-l-hER. This proliferation con- 
trol system has been developed to adjust the cell density of 
mammalian producer cell cultures (Fussenegger et al . , 1999). 



W«~<? -# JSW .tor Cr -Hi ir_Jr 



Promoters for recombinant gene expression in mammalian cells: 

Presently two kinds of promoter systems are used for efficient 
recombinant gene expression. For unregulated expression con- 
stitutive promoters are either derived from viral promoters of 
from strong cellular promoters. For regulated gene expression, 
tetracycline regulated promoter-transactivator systems have 
become widely used. This system allows very low basal expres- 
sion and results in high induced expression levels in many 
cell lines. However, when compared to strong constitutive pro- 
moters, the tetracycline system is not for all cell lines an 
optimal choice to obtain maximal expression levels. 

In one aspect the present indention provides a promoter-trans- 
activator system for inducible high-level mammalian cell gene 
expression with the optig/l of cell growth control as defined 
in claim 1 . 

In a further aspect the present invention provides an expres- 
sion vector (s) comprising a promoter construct and/or a trans- 
activator construct as/aefined in claim 1 (i. e. said promotor 
construct and said t/ansactivator construct may be incorpora- 
ted in the same exg^ression vector thus containing said a pro- 
moter-transactivator system or may be incorporated in separt 
expression vectors) . 

In another aspect tKe present invention provides mammalian 
cells transfecte$r or transformed with said expression vec- 
tor (s) . 

In yet another aspect the present invention provides a process 
for inducible high-level mammalian gene expression with the 
option of cell growth control as defined in claim 4. 



The invention is now illustrated in more detail. 



A system was established that allows regulated high-level gene 
expression in mammalian cells. It consists of a regulated 
transcriptional activator IRF-1 and /^inducible promoter for 
high-level recombinant gene expression. 

BHK-21 cells were genetically engineered to express regulat- 
able IRF-1 fusion proteins. The inventors investigated several 
properties that are important to control cell growth in pro- 
duction processes- The regulation was stabilized by using a 
dicistronic construct to couple the transcription of the IRF-1 
gene to an antibiotic resistance selection marker gene. Per- 
manent IRF-1 activation for lcnger than two to four days lead 
to viability decreases. To maintain a high cell viability, a 
schedule was developed of IRF-1 activation and inactivation in 
several cycles to control cell growth over a period of at 
least one month while maintaining a high cell viability. Since 
IRF-1 is a transcriptional activator, promoters containing 
IRF-1 binding sites can be employed to increase transcription 
to levels higher than those achieved with strong viral promo- 
ters. When IRF-1 is activated, the glycan structure of a rele- 
vant pharmaceutical product remained essentially the same and 
there was no influence on site occupancy or protein integrity. 

The present invention is related to: 

1) A regulated promoter that shows a higher maximal secreted 
pharmaceutical protein productivity than a contemporary 
highly effiocient viral promoter (MPSV, myeoloprolif erative 
sarcoma /irus)-. The artificial promoter consists of viral 
enhancer repeats (MPSV), of IRF-l-binding sites (ISRE-luc, 
Interferon Stimulated Response Element-firefly luciferase: 
Kirchhoff and Hauser, 1999) and of a viral minimal promoter 
element (CMV, cytomegalo virus) ; (Table 1, Figure 1 and 2) . 

2) BHK-21 cell lilies that expresses an IRF-l-human estrogen 
receptor (h)2R) construct whose expression is stabilized by 
a dicistremic expression construct with a drug resistance 
gene (neomycin acetyltransf erase) as a selection marker 
(Figi^e 3) . 

3) An IRF-1 -GFP-hER fusion that can be used for FACS analysis 
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and sorting of transf ected cells (Figure 4). The IRF-hER 
fusion protein activates promoters with IRF-l-binding sites 
(for a simplified model see figure 5) . 

An advantage of the present invention is that secreted recom- 
binant glycoprotein protein quality is maintained in IRF-1 ex- 
pressing cells (Figure 6). 

The promoter (hereinafter also referred to as IRFE promoter) 
for inducible high-level mammalian gene expression has the 
composition of Figure 1, wherein 

MPSV-E means MPSV enhancer repeats, e. g. from pMBC-lNhel- 
Xhol, of the sequence: 
GCTAGCTTAAGTAACGCCATTTTGCAAGGCATGGGAAAAATACATAACTGAGAXTAGAGAAG 
TTCAGATCAAGGTCAGGAACAGAGAAACAGGAGAATATGGGCCAAACAGGATATCTGTGGTA 
AGCAGTTCCTGCCCCGCTCAGGGCCAAGAACAGTTGGAACAGGAGAA^TGGGCCAAACAGGA 
TATCTGTGGTAAGCAGTTCCTGCCCCGCTCAGGGCCAAGAACAQXTGGTCCCCAGATGCGGT 
CCCGCCCTCAGCAGTTTCTAGA, 
or isof unctional (i. e. having the sam^ biological activity- or 
function) variants thereof obtained/by substitution, insertion 
or deletion of one or more nucleotides, 

IRF-1 binding sites means tKe sequence: 

GATCCCTTCTCGGGAAATGGAAAQ7GAAAATCAGATCCCTTCTCGGGAAATGGAAACTGAAA 
ATCAGATC, 

or isof unctional variants thereof obtained by substitution, 
insertion or deLetion of one or more nucleotides, 



and CMV me^ns the CMV minimal promoter, e. g. from the plasrnid 
pGL2 (Pj^mega, Madison, WI) : 

TGGCQTOTACGGTGGGAGGCCTATATAAGCAGAGCTCGTTTAGTGAACCGTCAAACCGTCAA 
AC2GCGGAAGCT , 
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or isof unctional variants there^j&^obtained by substitution, 
insertion or deletion of ope^or more nucleotides, 

The composite promoter for inducible high-level expression as 
depicted in the above Figure 1 thus consists of constitutive 
viral enhancer elements derived from MPSV, IRF-1 binding se- 
quences and a minimal promoter sequence from CMV that determi- 
nes the RNA start site. 

It is appreciated that the above enhancer elements, binding 
sequences and promoter sequence may be separated by linker or 
spacer sequences . 

Examples and comparative examples 

Table 1 shows the basal level expression from the inventive 
IRFE promoter and a viral promoter 

Table 1 

Promoter IgG [mg/ml] 

IRFE 1.8 + /- 0.1 

IRFE + MPSV 1.7 + /- 0.1 
MPSV 1.7 +/- 0.1 

From Table 1 it can be seen that the basal level expression 
from the IRFE promoter is as efficient as a highly active vi- 
ral promoter. Adherent BHK-21 cells grown in DME medium with 
10% FCS were transiently transfected by. the calcium cotrans- 
fection method with 1 microgram plasmid DNA per ml of culture 
medium. A sample from the medium supernatant was removed after 
24 hrs and the antibody concentration determined by a sandwich 
ELISA in 96 well microtiter plates. For coating, anti-human 
IgG (Fab specific) goat antibody (Sigma Immuno Chemicals, No 
1-5260) was used at a 1: 1500-fold dilution. Detection was by a 
1:5000 diluted peroxydase conjugated affinity purified goat 
anti human IgG (H+L) (Jackson ImmunoResearch Laboratories , 
Dianova, Hamburg, number 109-035-088) followed by a colori- 
metric peroxydase assay using ortho-phenyldiamine . Human IgGl 
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Kappa (Sigma, number 1-3889) was used as a standard. The ab- 
sorption at 490 nm was measured in an automatic microplate 
reader (Cytofluor 2300, Millipore) . MPSV: A dicistronic con- 
struct with the polio virus IRES element (Sonenberg 1990) 
expressing recombinant human IgG anti CMV antibody heavy and 
light chain from the myeloproliferative sarcoma virus promoter 
(Boldicke et al., 1995; Dirks et al., 1994; Dirks et al., 
1993; Arelt et al., 1988). IRFE: the same dicistronic IgG 
antibody expressed from the IRF-l-inducible promoter. IRFE 
+MPSV: DNA from both plasmids were mixed at a final concen- 
tration of .5 microgram plasmid DNA each per ml of culture 
medium. 



Figure 2 shows the enhanced productivity from the IRFE 

3 

promoter in IRF-1 induced cells. IRF-l-hER expressing BHK-21 
cells were transfected with DNA encoding an IgG antibody gene 
that is transcribed from the IRFE promoter. 15 IgG producer 
clones were identified by a filter immunoassay 
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(Wirth et al., 1990). Induced IgG expression was determined 
after 48 hours in the presence of 100 nM estradiol (right 
bars) or for basal level expression in the absence of estra- 
diol (left bars) . IgG concentration in the supernatant was 
determined by a sandwich ELISA as described in Table 1. 



Figure 3 shows that IgG productivity increases gradually after 
induction. BHK-21 cell clones transfected with 
IRF-l-hER and IRFE-IgG. IgG expression from an IRF-1 respon- 
sive promoter was determined without (c) and with estradiol 
present in the medium (e) after 1, 2 or 3 days. 

Figure 4 shows a IRF-l-hER expression construct . IRF-l-hER is 
stably expressed from a constitutive viral promoter (P; Dirks 
et al., 1994) on a dicistronic mRNA 




together with puromycin transacetylase as a selection marker 
gene (PAC; Vara et al., 1986) that is translated due to the 
presence of a polioviral internal ribosomal entry site (IRES; 
Sonenberg 1990) . The SV40 poly A addition site determines the 
end of the mRNA. This configuration allows to select trans- 
fected cells that efficiently express this construct. 

Figure 5 shows the IRF-hER (IRF-ER) protein to be a 
transcriptional activator that is regulated by ligands such as 
estradiol (E2; right) . It binds to DNA sequences that contain 
IRF-binding sites. In the absence of ligand, the IRF-hER 
fusion gene has a low activity (left) . 

Figure 6 shows an IRF-1-GFP hER expression con- 
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struct. The eGFP (Promega) reading frame has been inserted in 
frame into a BamHI restriction site between the reading frames 
for IRF-1 and hER. IRF-1-GFP hER is expressed from a consti- 
tutive viral promoter (P; Dirks et al., 1994). 

Figure 7 shows the estrogen regulated transcriptional 
activation of IRF binding sites containing promoters by IRF- 
GFP-hER expressing cells. NIH3T3 cells were transfected with 
two different plasmids expressing IRF-GFP-hER that differ by a 
small deletion (d) outside of the reading frame, and for 
comparison IRF-hER . Transient luciferase induction from an 
ISRE promoter element (pGL2-ISRE-luc) was determined in the 
presence of ImM estradiol relative to the luciferase activity 
in the absence of estradiol of Renilla luciferase from a con- 
stitutive viral promoter (CMV-rluc) . 
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Figure 8 shows that IRF-l-GFP-hER fluorescence can be used as 
to isolate fusion gene expressing single cells by FACS 
sorting. GFP FACS analysis and sorting of BHK-21 cells (A) and 
BHK-21 cells transfected with IRF-1-GFP hER (B) . 

Figure 9 shows the estradiol regulated IRF-1-GFP hER activated 
gene expression from an IRFE promoter. A stably transfected 
IRF-1-GFP hER expressing L88-5 single cell clone (L21) 
isolated by FACS sorting of highly fluorescent cells was 
transiently transfected using Lipofectin (GIBCO/BRL) with a 
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firefly luciferase gene expressed for 16 hours from an IRF1 
inducible promoter in the absence (L21) or presence of 1 
estradiol (L21+E2) , relative to const itutively expressed 
renilla luciferase . 

Examples for specific applications in industrial relevant 
systems. / 

Figures 10 and 11 relate to two examp/es of a relevant phar- 
maceutical protein expressing BHK (b4by hamster kidney) cell 
clones with IRF-hER enhanced productivity (pg/cell/day, E2) 
versus control (pg/cell/day, ctrl)/and reduced proliferation 
(living cells x lOeS/ml, E2) ve/sus controll (living cells, 
Ctrl) / 

The following is one exampl^ for increased IgG antibody 
productivity in a long-terjn experiment in IRF-hER prolife- 
ration controlled BHK-21 yeells in a perfused fermenter with, 
microcarriers showing al/so high viability. For additional 
characterization of leaser i^rjRprtance glucose consumption and 
lactate production ways determined. 

Name: Fermenter 3 / 

Conditions: IgG 8/ cells, Cytodex 3 microcarrier , 6g/l, medium 
for all fermente/fs: DMEM: F12 with 5% serum and 500 \}g/m\ G418 
and 3 pg/ml Puro (with added dextran and Pluronic) 

Fermenter: New Brunswick, stirred tank, 5 1 tank capacity, 3.5 
1 working voaume, settling tube as separator (a glas tube in 
which the microcarriers settle down by gravitational action) 
while the /medium is removed. Works effective up to a perfu- 
sionrate jof 1 volume/day (also 3.5 1/day) . For higher values 
gravitational action is not sufficient to compensate sucking 
action . / 

At the end of the induction stirring was stopped for 20 min. 
Aftey the microcarriers have settled down the medium was re- 
moved by suction except for 0.5 1, added up to 2 1 (=wash) , 
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again removed by suction except' for 0.5 1 and added up to 3.5 
1. Approximatly 7% of the initially content of E2 remains 
(since, however, during^induction perfusion was activated, the 
actual value for E2 ^Was below 7%) . The washing procedure tooks 
about 1-1.5 h. 



In all fermenters the perfusion rate was in the range from 0 
to 0.9, y^herein most of the time the rate was in the range 0.6 
to 0. 



^) Figure 1 



2 shows th^result; 



Figure 13 shows an example of high glycoprotein quality in IRF 
proliferation controlled cells. 
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